As fundamental units of neuronal communication, chemical synapses are composed of presynaptic and postsynaptic specializations that form at specific locations with defined shape and size. Synaptic assembly must be tightly regulated to prevent overgrowth of the synapse size and number, but the molecular mechanisms that inhibit synapse assembly are poorly understood. We identified regulator of synaptogenesis-1 (RSY-1) as an evolutionarily conserved molecule that locally antagonized presynaptic assembly. The loss of RSY-1 in Caenorhabditis elegans led to formation of extra synapses and recruitment of excessive synaptic material to presynaptic sites. RSY-1 directly interacted with and negatively regulated SYD-2/liprin-alpha, a master assembly molecule that recruits numerous synaptic components to presynaptic sites. RSY-1 also bound and regulated SYD-1, a synaptic protein required for proper functioning of SYD-2. Thus, local inhibitory mechanisms govern synapse formation. S ynapse formation is a highly dynamic and regulated process. Although many positive factors that promote synaptogenesis have been identified (1-3), less is known about negative regulators of synapse formation and their mode of action (4-10). We investigated synapse development and its regulation in the hermaphrodite-specific neuron HSNL, one of a pair of motor neurons that controls egg-laying behavior in Caenorhabditis elegans (11). Presynaptic specializations in the HSNL neuron assemble within a spatially discrete location along the axon that is stereotyped between animals ( Fig. 1 , A and B) (12). These presynaptic sites were visualized by transgenically expressing fluorophoretagged synaptic proteins such as synaptic vesicle component synaptobrevin (SNB-1) or active-zone components ERC/CAST/Bruchpilot (ELKS-1) and GIT-1 (Fig. 1B and fig. S1 ) (12, 13). SYD-1 and SYD-2 are essential for synapse development in the HSNL neuron; numerous synaptic components failed to localize to presynaptic sites in syd-1 and syd-2 mutants (Fig. 1, C and E, and fig. S1 ) (13, 14) . However, increasing SYD-2 function in syd-1 null mutants, either by overexpressing SYD-2 or by introducing a gain-of-function (gf) mutation in syd-2, rescues the synaptic defects observed in syd-1 mutants (13, 14). Thus, under normal circumstances, SYD-1 is required for SYD-2 function. The existence of such positive regulators suggests that negative regulators of SYD-2 might counteract and balance the pro-synaptic function of SYD-1.
As fundamental units of neuronal communication, chemical synapses are composed of presynaptic and postsynaptic specializations that form at specific locations with defined shape and size. Synaptic assembly must be tightly regulated to prevent overgrowth of the synapse size and number, but the molecular mechanisms that inhibit synapse assembly are poorly understood. We identified regulator of synaptogenesis-1 (RSY-1) as an evolutionarily conserved molecule that locally antagonized presynaptic assembly. The loss of RSY-1 in Caenorhabditis elegans led to formation of extra synapses and recruitment of excessive synaptic material to presynaptic sites. RSY-1 directly interacted with and negatively regulated SYD-2/liprin-alpha, a master assembly molecule that recruits numerous synaptic components to presynaptic sites. RSY-1 also bound and regulated SYD-1, a synaptic protein required for proper functioning of SYD-2. Thus, local inhibitory mechanisms govern synapse formation.
S ynapse formation is a highly dynamic and regulated process. Although many positive factors that promote synaptogenesis have been identified (1) (2) (3) , less is known about negative regulators of synapse formation and their mode of action (4) (5) (6) (7) (8) (9) (10) . We investigated synapse development and its regulation in the hermaphrodite-specific neuron HSNL, one of a pair of motor neurons that controls egg-laying behavior in Caenorhabditis elegans (11) . Presynaptic specializations in the HSNL neuron assemble within a spatially discrete location along the axon that is stereotyped between animals ( Fig. 1 , A and B) (12) . These presynaptic sites were visualized by transgenically expressing fluorophoretagged synaptic proteins such as synaptic vesicle component synaptobrevin (SNB-1) or active-zone components ERC/CAST/Bruchpilot (ELKS-1) and GIT-1 (Fig. 1B and fig. S1 ) (12, 13) . SYD-1 and SYD-2 are essential for synapse development in the HSNL neuron; numerous synaptic components failed to localize to presynaptic sites in syd-1 and syd-2 mutants (Fig. 1, C and E, and fig. S1 ) (13, 14) . However, increasing SYD-2 function in syd-1 null mutants, either by overexpressing SYD-2 or by introducing a gain-of-function (gf) mutation in syd-2, rescues the synaptic defects observed in syd-1 mutants (13, 14) . Thus, under normal circumstances, SYD-1 is required for SYD-2 function. The existence of such positive regulators suggests that negative regulators of SYD-2 might counteract and balance the pro-synaptic function of SYD-1.
To isolate putative negative regulators of synaptogenesis, we performed a visual genetic screen for mutants that suppress the synaptic defects in the HSNL of syd-1 mutants (15) . We recovered two alleles of regulator of synaptogenesis-1 (rsy-1). In syd-1;rsy-1 double mutants, the accumulation of SNB-1::yellow fluorescent protein (YFP) in the synaptic region of the HSNL was significantly higher than in syd-1 single mutants (Fig. 1, C to E). The accumulation of SNB-1::YFP in these double mutants probably represents a restoration of functional synapses. First, active-zone components ELKS-1 and GIT-1 also localized at higher levels to presynaptic sites in rsy-1;syd-1 double mutants than in syd-1 single mutants ( fig. S1 ). Second, defects in the egg-laying behavior in syd-1 mutants, which are a cell-autonomous consequence of the presynaptic assembly defects in the HSNL neuron, were rescued in rsy-1;syd-1 double mutants (Fig. 1F) . Thus RSY-1 appears to counteract and balance the pro-synaptic function of SYD-1.
We mapped rsy-1 to the genetic locus Y53H1A.1, which encodes two isoforms. Isoform A encodes a 589-amino acid protein with a proline-rich region, a coiled-coil domain, and a serine/arginine-rich (SR) domain (fig. S2) . The SR domain of RSY-1 contains multiple putative nuclear localization sequences (NLSs). Isoform B encodes a smaller 517-amino acid protein that lacks the SR domain, which is replaced by 22 amino acids with a single putative NLS that is unique to the B isoform ( fig. S2 ). RSY-1 is well conserved in vertebrates with both a long and a short isoform in Mus musculus (fig. S2 ). The vertebrate homolog of RSY-1 interacts with pinin (16), a dual resident of the nucleus and the desmosome junction with proposed functions including cell adhesion, transcription, and splicing (17) (18) (19) (20) . Beyond its interaction with pinin, no function has yet been assigned to RSY-1.
Both alleles of rsy-1 that we isolated contained mutations that generate early stop codons, suggesting that they are likely to be null alleles ( fig. S2 ). To determine where rsy-1 is expressed, we made transgenic animals with a synthetic operon in which expression of both RSY-1 and cytoplasmic green fluorescent protein (GFP) is under control of the rsy-1 promoter ( fig. S3 ). RSY-1 was reproducibly expressed in the HSNL ( Fig. 2A) , as well as in other neurons and tissues ( fig. S4 ). To determine whether RSY-1 functions cell-autonomously in the HSNL, we transgenically expressed isoform A of RSY-1 under the control of the unc-86 promoter, which only expresses in the HSNs in the vulva region (21) . Expression of the Punc-86::rsy-1 transgene in rsy-1;syd-1 double mutants restored synaptic defects in the HSNL of syd-1 single mutants ( Fig. 2B and fig.  S5 ), consistent with a cell-autonomous role for RSY-1 in inhibiting presynaptic assembly.
Next, we sought to determine the subcellular localization of RSY-1. GFP-tagged RSY-1 (iso- form A) expressed in the HSNL localized to presynaptic sites as well as to the nucleus (Fig. 2C  and fig. S6 ). Because both isoforms of RSY-1 contain putative NLSs at the C terminus, we used a truncated version of RSY-1 (RSY-1DSR) that lacks all putative NLSs to determine whether the synaptic function of RSY-1 requires its localization to the nucleus. When expressed in the HSNL of rsy-1;syd-1 double mutants, RSY-1DSR completely restored the reduction of SNB-1::YFP accumulation at presynaptic sites to levels observed in syd-1 mutants (Fig. 2B) . Furthermore, GFP-tagged RSY-1DSR was mostly excluded from the HSNL nucleus but robustly localized to the presynaptic sites, where it colocalized with RAB-3, a synaptic vesicle marker (Fig. 2D and  fig. S6 ). Thus, localization of RSY-1 at the presynaptic sites (but not in the nucleus) is probably important for its function in inhibiting synaptogenesis.
To further characterize presynaptic localization of RSY-1, we examined RSY-1DSR localization in unc-104 mutants. UNC-104 is an ortholog of the vertebrate Kif1A, a kinesin motor essential for trafficking of synaptic vesicles (22) . RSY-1DSR localization to presynaptic sites was not affected in unc-104 mutants (Fig. 2E) , suggesting that RSY-1 is not associated with synaptic vesicles. Furthermore, RSY-1DSR tightly colocalized with active-zone component SYD-2 ( fig. S7 ). RSY-1DSR also colocalized with synaptic protein GIT-1 and was juxtaposed to another active-zone protein, ELKS-1 ( fig. S8 ). Thus, RSY-1 occupies a particular subdomain of the active zone and locally regulates synapse assembly.
To determine when RSY-1 acts during the synaptic maturation process, we examined the localization of RSY-1DSR at nascent synapses of HNSL in the early and mid-L4 stages of development (12) . RSY-1 accumulated at the developing presynaptic sites in early and mid-L4 stages concomitantly with RAB-3 ( fig. S9 ), suggesting that RSY-1 could regulate synaptogenesis from the very early stages of synapse development. Future localization study of endogenous RSY-1 protein will probably provide additional information.
If RSY-1 is a negative regulator of synapse formation, then rsy-1 single mutants should have elevated synaptogenic activity. SNB-1::YFP levels at presynaptic sites in the HSNL were increased in rsy-1 mutants (Fig. 3, A, B , and I), suggesting that excessive synaptic material is recruited to the presynaptic sites. During development, synapses form at secondary sites outside of the normal synaptic region of the HSNL, which are then gradually eliminated as animals reach adulthood (8) . Elimination of these synapses is partially dependent on proteasomal degradation (8) . We observed a partial failure in the elimination of SNB-1::YFP localized to these secondary sites in rsy-1 mutants (Fig. 3, A to D) . These SNB-1::YFP accumulations probably represent presynaptic specializations because RAB-3 colocalized with the active-zone components ELKS-1 and GIT-1 at these sites ( fig. S10 ). The persistence of synapses at secondary sites in rsy-1 mutants suggests that local inhibition of presynaptic assembly by RSY-1 also contributes to the elimination of synapses. Thus, RSY-1 plays a role in controlling the size and number of presynaptic sites.
RSY-1 can inhibit synaptogenesis by either negatively regulating SYD-2 function or antag- and (B) rsy-1(wy94) mutants. Arrows denote ectopic SNB-1::YFP puncta. (C) Percentage of animals with ectopic SNB-1::YFP puncta in wildtype(N2) and rsy-1(wy94) mutants at mid-L4 and young adult stages. **P < 0.01; Fisher's exact test; n = 100 per group. (D) Average number of ectopic SNB-1::YFP puncta in wildtype(N2) and rsy-1(wy94) mutants at mid-L4 and young adult stages. **P < 0.01; Student's t test; n = 100 per group. Error bars indicate SEM. (E) SNB-1::YFP accumulation at synapses in syd-2(ju37), (F) syd-2(ju37);rsy-1(wy94), (G) rsy-1(wy94);syd-1(ju82), and (H) rsy-1(wy94);syd-1(ju82);elks-1(tm1233) mutants. All images are of adults. The dotted rectangle indicates the synaptic region, and the asterisk marks the HSNL cell body. Scale bar, 5 mm. (I) Total SNB-1::YFP intensity at the primary synaptic region in the HSNL relative to wild type. *P < 0.05; **P < 0.01; Student's t test; n > 20 per group. Error bars indicate SEM.
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onizing an unknown SYD-2-independent parallel assembly pathway. Similar to syd-1 suppression, if rsy-1 mutation is able to suppress synaptic defects in syd-2 mutants, then the data would be indicative of a model in which RSY-1 functions in parallel with SYD-2. However, we found that syd-2 is epistatic to rsy-1; synaptic defects in syd-2 mutants, as assayed by localization of synaptic proteins and the egg-laying behavior, were not rescued in syd-2;rsy-1 double mutants (Fig. 3, E, F, and I, and fig. S5 ). Thus, RSY-1 probably acts upstream of or in parallel with SYD-2. Both models suggest that RSY-1 is a negative regulator of SYD-2-dependent synapse assembly.
According to the linear model in which syd-2 acts downstream of rsy-1, the function of SYD-2 should increase in rsy-1 mutants. If this is the case, then the phenotype in rsy-1 mutants and syd-2(gf ) animals should be similar. Indeed, more synaptic material was recruited to presynaptic sites in the HSNL in syd-2(gf ) animals (14), similar to our observation in rsy-1 loss-of-function mutants (Fig. 3I) . The linear model also predicts that the rescued synapse assembly in rsy-1;syd-1 mutants, like in syd-2(gf );syd-1 mutants, is due to an increase in SYD-2 function. If this is the case, then synapses in both double mutants should be similarly susceptible to various genetic manipulations. ELKS-1 is a presynaptic active-zone component shown to be important for the development of presynaptic terminals at the neuromuscular junction in Drosophila (23, 24) . In C. elegans, although the loss of ELKS-1 function by itself does not result in any detectable defects in synapse assembly (13, 14, 25) , synapse formation in the HSNL of syd-2(gf );syd-1 mutants is crucially dependent on ELKS-1 (14) . Thus, ELKS-1 functions redundantly with SYD-1 to promote synapse assembly. Synapse formation in rsy-1;syd-1 double mutants was also dependent on elks-1 (Fig. 3, G to I, and fig. S5 ). Thus, the synapse assembly program deployed in rsy-1;syd-1 mutants is similar to the one in syd-2(gf );syd-1 mutants. In summary, the loss of RSY-1 function has similar consequences as the gain of SYD-2 function. Although these results do not rule out the possibility that RSY-1 functions in parallel with SYD-2, given that RSY-1 interacts with SYD-2 as described below, they are consistent with a genetic model in which RSY-1 is a negative regulator of SYD-2.
RSY-1 could interfere with the pro-synaptic function of SYD-2 directly or inhibit the function of SYD-2 indirectly by blocking SYD-1. To test these possibilities, we used a single-cell in situ protein-protein interaction assay (26, 27) , in which translocation of the prey to the plasma membrane is tested in the presence of a membrane-tethered bait, to determine whether RSY-1 physically interacts with SYD-2 and SYD-1. RSY-1DSR bound to both SYD-2 [via the first two SAM domains] and SYD-1 (note the enrichment of SYD-2SAM1-2 and SYD-1 on the plasma membrane in the presence of membrane-targeted RSY-1DSR) (Fig. 4,  A, B, and G) . Furthermore, coimmunoprecipitation from worm lysates confirmed that RSY-1DSR interacted with both SYD-2 and SYD-1 in vivo ( fig. S11) .
To study the molecular consequence of interaction of RSY-1 with SYD-2 and SYD-1, we first established a readout of SYD-2 function. Vertebrate homologs of ELKS-1 and SYD-2 directly bind in vitro (28) , whereas in C. elegans, SYD-2 and ELKS-1 coimmunoprecipitate from worm lysate (14) . Furthermore, syd-2 loss-of-function analysis suggests that SYD-2 is necessary for localizing ELKS-1 to presynaptic sites, whereas experiments with the syd-2(gf ) allele suggest that SYD-2 is sufficient for recruiting ELKS-1 (13, 14) . Given these data and the genetic evidence that ELKS-1 is an important component of the presynaptic assembly program, we used the ELKS-1/SYD-2 interaction as one of the readouts of SYD-2 function.
Although there was little detectible interaction between ELKS-1 and SYD-2 in our assay, the interaction was greatly enhanced in the presence of SYD-1 (Fig. 4, C, D, and G) , suggesting that SYD-1 facilitates binding between ELKS-1 and SYD-2. Consistent with this result, SYD-1 directly interacted with ELKS-1 (Fig. 4 , E and G), and this interaction was weakened in the presence of RSY-1DSR (Fig. 4, F and G) . Thus, one way in which RSY-1 regulates SYD-2 function is indirectly by weakening the interaction of SYD-1 with ELKS-1 and thus potentially blocking the ability of SYD-1 to facilitate SYD-2 function (Fig. 4K) .
Given that the ELKS-1/SYD-2 binding is very weak in the absence of SYD-1 in our assay, we could not test whether interaction of RSY-1 with SYD-2 inhibited ELKS-1/SYD-2 binding. However, the ELKS-1/SYD-2 interaction does increase when SYD-2 contains a gain-of-function mutation, Arg 184 → Cys 184 (R184C) (14) , which was verified in our cell-based assay (Fig. 4 , H and J). We then tested the effect of RSY-1 on this interaction and found that the interaction between ELKS-1 and SYD-2R184C was weakened in the presence of RSY-1DSR (Fig. 4, I and J), suggesting that, besides acting via SYD-1, RSY-1 can also directly antagonize the ability of SYD-2 to recruit ELKS-1 (Fig. 4K) .
It is increasingly clear that positive and negative regulators control synapse development at multiple levels. For example, the transcription factor MEF2 globally regulates the number of excitatory synapses (7) . Three ubiquitin ligase complexes also regulate presynaptic development (5, 8, 29) . Here, RSY-1 was shown to act as a negative regulator of synaptogenesis by counteracting SYD-1 function to inhibit SYD-2-dependent presynaptic assembly in the HSNL neuron. RSY-1 controls the amount of synaptic material recruited to presynaptic sites. RSY-1 also plays a role in establishing a balance between synapse formation and synapse elimination. RSY-1 achieves these functions by interacting with integral components of the synapse assembly machinery and by regulating a dense network of protein-protein interactions between various active-zone molecules (Fig. 4K) .
